Microfluidic image cytometry (MIC) has been developed to study phenotypes of various hPSC lines by screening several chemically defined serum/feeder-free conditions. A chemically defined hPSC culture was established using 20 ng mL À1 of bFGF on 20 mg mL À1 of Matrigel to grow hPSCs over a week in an undifferentiated state. Following hPSC culture, we conducted quantitative MIC to perform a single cell profiling of simultaneously detected protein expression (OCT4 and SSEA1). Using clustering analysis, we were able to systematically compare the characteristics of various hPSC lines in different conditions.
Human pluripotent stem cells (hPSCs) such as human embryonic stem cells (hESCs)
1 and human induced pluripotent stem cells (hiPSCs) [2] [3] [4] [5] [6] exhibit unique characteristics and may provide great opportunities for cell-based therapy and regenerative medicine. These characteristics include unlimited propagation capacity in the undifferentiated stage with a normal euploid karyotype and the ability to differentiate into all cell types in the human body.
Typically, hPSC culture conditions contain serum such as KnockOut serum replacement (KSR) and feeders such as mouse embryonic fibroblasts (MEFs). Although these conditions can successfully maintain pluripotency of hPSCs, these animal products could cause xenogenic contamination and immunorejection in patients after transplantation of hPSCs, posing a major challenge to the use of hPSCs in cell-based therapy applications. Additionally, these factors are undefined and some are proprietarily formulated, forming an obstacle in being able to systematically study the regulation of stem cell biology. Therefore, it is essential to develop serum/ feeder-free culture methods for hPSCs in order to define culture elements and later apply them to effective therapeutic use.
Currently, there is an ongoing trend towards establishing chemically defined conditions for hPSC culture. Several chemically defined culture systems have been introduced to maintain hESCs in combination with (i) growth factors/cytokines (e.g., basic fibroblast growth factor (bFGF), nodal, transforming growth factor-b1 (TGF-b1), activin A and insulin-like growth factor-1 (IGF-1) analog (heregulin1b)) and (ii) supplements (e.g., GABA, pipecolic acid and lithium chloride, 7, 8 and N2/B27
9
) on extracellular matrices (ECM) such as Matrigel or other ECM components. A chemically defined culture system with serum/feeder-free conditions is ideal since it excludes the unknown factors and enhances the reproducibility and robustness of hPSC propagation. Thus, to facilitate practical applications involving hPSCs, optimal chemically defined culture conditions must be established that will not only maintain phenotypically and karyotypically stable cells for extended periods but will also retain the ability for directed and reproducible differentiation.
Until now, even with the conventional culturing methods, controlling hPSC fate (e.g., self-renewal, differentiation, apoptosis and quiescence) has been challenging and underlying mechanisms are mostly unidentified. However, recent studies have uncovered some extrinsic factors that can influence state stability of hPSCs and contribute to fate decisions. 10 These extrinsic factors include various soluble factors, cell-cell interactions, and ECM, which are key components of the hPSC microenvironment by definition (Fig. 1a) .
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Additionally, soluble factors such as growth factors added to the culture or secreted by stem cells are often potent in their effects on cell fate.
12 Indeed, undifferentiated hPSCs are highly sensitive to the soluble growth factors that are usually contained in these media. However, the effects of various defined media for maintaining selfrenewal states over extended periods have not been fully studied and optimally defined culture conditions have yet to be further refined. Therefore, screening chemically defined media (CDM) to evaluate the influence of these factors will also be essential for acquiring more qualified and defined culture methods that support self-renewal of hPSCs.
Still, there are several other parameters that must be addressed in the study of hPSCs. First, although hPSCs can self-renew indefinitely, it is known that there is enormous variation between different PSC lines with regard to expression of pluripotency and differentiation markers.
13 This is likely due to that fact that hES cell lines have been derived from embryos with different characteristics and further isolated by different procedures.
14 In the case of hiPSCs, there is also variation due to (i) the factors used for reprogramming, (ii) the methods to deliver these factors, (iii) the source of the original cell lines, (iv) the expression levels of delivered factors, (v) the culture conditions for obtained hiPSCs and (vi) the methods to identify obtained hPSCs. 15 Second, various commercially available hPSC defined culture media and ECM [7] [8] [9] [16] [17] [18] contain different components that may cause variable effects depending on the cell line and culture periods. Thus, taking into consideration all of these parameters as influential factors, there is also a need to systematically compare the differences between hPSC lines in order to comprehend their fundamental biology.
However, there are some disadvantages in conventional experimental settings for hPSCs. Especially, when screening the characteristics among various hPSC lines, conventional analyses such as flow cytometry, microarray or RT-PCR require large amounts of cells, resulting in high costs in maintenance. 19 On the other hand, the introduction of microfluidics can allow major advances in stem cell research. While there are tremendous efforts to compare the similarities and differences of various hPSC characteristics worldwide, 13 it is highly important to establish a standardized hPSC culture condition, which causes less deviation and uncertainty. In microfluidics, miniaturization of cell culture platforms not only allows us to observe cellular behavior on the scale found in living systems but also provides a means to engineer miniaturized cell culture platforms that are more in vivo-like than conventional dish cultures, 20,21 thereby fostering robust, reproducible and uniform culture conditions. Additionally, with the ability to manipulate the fluid flow precisely, microfluidics can make excellent perfusion cell-culture devices, which are powerful tools to control the soluble and mechanical parameters of the cell culture environment. 22 These aspects are extremely essential since hPSCs interact strongly with their microenvironmental factors, which can directly influence the fate decisions. Furthermore, microfluidic technology can be integrated with a variety of biological assays and is compatible with Micro Electro Mechanical System (MEMS) technology for further applications including electrophoresis and cell sorting.
19 A microfluidic device is made out of polydimethylsiloxane (PDMS), which is an elastomeric material utilizing the process of soft lithography for fabrication. Its beneficial features for stem cell biology include biocompatibility, gas permeability and durability. It is also safe and easy to handle within general laboratories performing biological research. Additionally, with its scalability and automation, it has more potential for clinical applications. Ultimately, since microfluidic devices can perform standard tissue culture in a more rapid, controllable and reproducible fashion with considerably low costs in a high-throughput fashion, 23,24 microfluidic technology is well-suited for evaluating multiple hPSC culture conditions and simultaneously observing their responses.
Previously, Villa-Diaz et al. and we have reported maintaining hESCs in conventional KSR/MEF conditions inside a hESCmChip.
25,26 However, to date, it has not yet been reported that hPSCs, especially hiPSCs, can be cultured in chemically defined culture conditions and quantitatively studied in a microfluidic device. More importantly, there has not been a systematic comparison of the similarities or differences of each of these hPSCs cultured in various chemically defined culture conditions. Therefore, we have developed a microfluidic hPSC array (Fig. 1b ) to perform hPSC culture and phenotype assay. Subsequently, microfluidic image cytometry (MIC) was conducted (Fig. 1c) followed by segmentation and quantification analysis. In this study, we have reported (i) a microfluidic platform to optimize ECM and various CDM for evaluating optimal culture conditions in hPSCs, combined with (ii) a systematic and quantitative analysis and smallscale screening of the hPSCs cultured in various CDM using multiparallel detected protein expressions. Using this array, we have also performed (iii) a side-by-side comparison of the hPSC phenotypic responses across available stem cell lines and CDM. This analysis allowed for examination of the cell fate of a single hPSC in a hPSC colony in each condition and demonstrated the sensitivity and effectiveness of our microfluidic hPSC array for use in quantification of multiple stem cell culture parameters.
For fabrication of a PDMS-based microfluidic hPSC array, we used the process of soft lithography (ESI Fig. S1a  †) . The PDMS was mounted and assembled on a glass slide. During the hPSC culture assays, this array was set on an inverted microscope stage for routine monitoring of hPSCs. Our PDMS-based microfluidic hPSC array was comprised of 24 cell culture chambers (700 mm (W) Â 900 mm (L) Â 100 mm (H), Total volume 630 nL). For on-chip cell culture, each chamber was used for the static culture conditions. Using an electrical pipette (0.5-12.5 mL, Thermo Fisher Scientific) capable of handling precise volume and flow rates, four mL of solution containing hPSCs or reagents were filled into the tip. The tip was gently inserted into the inlet of a microfluidic hPSC culture array and solution was dispensed at 6 mL sec À1 with accurate piston movement (ESI Fig. S1b †) . A few hours after hPSC loading, the medium was changed every 12 h (see also in ESI Methods and Fig. S2 †) . In this array, each chamber can perform immunocytochemical analysis under discrete hPSC culture conditions to determine the levels of protein expression (see also in ESI Methods †). For cell line study, we examined 5 lines including (i) OCT4-enhanced green fluorescent protein (EGFP) knock-in HSF1 cell line (HSF1-OCT4-EGFP), 25, 27 (ii) hESC lines (HSF1 and H1) and (iii) hiPSC lines (iPSA1 and iPSB2, ESI Fig. S3 †) . The OCT4-EGFP cell line is unique in that it allows live cell monitoring of its pluripotency status in real-time. We therefore used it to optimize the defined culture conditions. Other cell lines were used to further make comparisons between their protein expressions.
For the purpose of establishing optimal culture conditions in a microfluidic hPSC array, we began with examining the optimal concentration of ECM by using MEF-conditioned medium (CM). We chose to use hESC qualified Matrigel, (see also in ESI Methods †) since this is commonly used for feeder-free hPSC culture in current stem cell research. As mentioned, we used HSF1-OCT4-EGFP cell lines to monitor the morphology of hPSC colonies and EGFP expression levels during culturing periods. The results showed that HSF1-OCT4-EGFP colonies were unable to attach, spread out and grow well on the substrate coated with 100 mg mL À1 (Fig. 2a) . On the other hand, the HSF1-OCT4-EGFP colonies extended well and maintained their growth in an undifferentiated state for 7 days with 20 mg mL
À1
. Thus, we determined that 20 mg mL À1 of Matrigel was an optimal ECM condition for hPSC culture.
Next, using an optimized ECM condition, we then screened CDM for optimal culture conditions. We tested three CDM (StemPro, ), which had been published to support undifferentiated growth of hPSCs with defined components. Each medium was also supplemented with varying bFGF concentrations and the morphology of hPSC colonies and EGFP expression levels were then monitored over 5 days (Fig. 2b) . After five days in culture, HSF1-OCT4-EGFP cells were able to form colonies and express EGFP driven by an OCT4 promoter in all three CDM conditions. We also found that bFGF concentrations did not influence cell viability and pluripotency of hPSCs. In a previous study, we used 100 ng mL À1 of bFGF with KSR/MEF conditions. 15 However, at this time, we observed that 20 ng mL À1 bFGF in feeder-free chemically defined hPSC culture conditions was sufficient to grow undifferentiated hPSCs. Here, we confirmed that all three chemically defined conditions were able to sustain the growth of hPSCs with undifferentiated states using optimized ECMs and accordingly established optimal defined culture conditions in a microfluidic hPSC array. Interestingly, within optimal conditions we now found a variation in physical and biochemical characteristics in hPSCs cultured with different media. We then compared the effects of these media on various phenotypes across the cell lines including morphology, growth rates and expression level of pluripotency protein markers. A recent study showed that colony morphology was an important parameter to determine characteristics of hPSCs and molecular phenotype and differentiation potential could vary within morphologically different hPSC colonies. 28 According to the results of DAPI nuclear staining, we found that HSF1-OCT4-EGFP cells cultured in StemPro formed colonies with sharp pointed edges (Fig. 2c ). These cells also had a tendency to form a relatively larger nuclear size than those cultured in the other CDM. Additionally, HSF1-OCT4-EGFP cells cultured in mTeSR represented more dense and tight colonies. We then conducted growth assays to examine the average growth rate of colonies cultured in each medium by measuring the surface area of HSF1-OCT4-EGFP colonies (Fig. 2d) . We found that although all the conditions were able to support self-renewal of hPSCs and maintain pluripotency marker protein expression over four days, the growth rate of colonies differed depending on culturing media. Among three CDM, HSF1-OCT4-EGFP cultured in StemPro showed the fastest growth rate. Compared to N2B27, StemPro and mTeSR conditions showed 2.65 and 1.85-fold changes in their average colony size, respectively. We speculated that the components heregulin-1b and activin A were responsible for promoting proliferation of HSF1-OCT4-EGFP cells in StemPro.
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To further characterize the effects of these media on a collection of hPSC lines, we performed immunocytochemistry to evaluate expression of pluripotency markers in hES and hiPS cells quantitatively ( Fig. 3 and ESI Fig. S2 †) . The pluripotent markers we used were OCT4, NANOG, SSEA4, TRA-1-60 and TRA-1-80. Here, we introduced one more condition where we induced differentiation by adding 10% fetal bovine serum to DMEM medium as a negative control. The differentiation marker we used was SSEA1. As the results indicated, all of the hPSCs cultured in chemically defined conditions uniformly expressed these pluripotency markers (Fig. 3a) . After confirming their pluripotency, we further quantified OCT4 and SSEA1 expression at the single-cell level based on immunofluorescence imaging (Fig. 3b) . Image cytometry is an image-based measurement that allows quantitative analysis of these marker expressions at the single cell level by using software such as CellProfiler, which can generate flow-cytometry-like data. Single-cell based immunofluorescent histograms presented a variable distribution in OCT4 and SSEA1 expression (Fig. 3c,d , respectively) after each cell line in each condition was co-stained with OCT4 and SSEA1 and analyzed in a single cell. In general, this visually expressed how heterogeneous/homogeneous each colony was within the undifferentiated and differentiated conditions. As an illustration, when a histogram of protein expression showed the broad distribution, populations were more heterogeneous and vice versa. The histograms of OCT4 expression in HSF1, H1 and iPSB2 cultured in KSR/MEF and three CDM conditions had a homogenous distribution with the higher level of OCT4 expression compared to Differentiation condition. The iPSA1 cells cultured in mTeSR and N2B27 had two subpopulations with both high and low OCT4 expression. The histograms for SSEA1 expression in HSF1, iPSA1 and iPSB2 cultured in KSR/MEF and three CDM conditions exhibited a homogeneous distribution with the low SSEA1 expression level, indicating that most of the hPSC populations remained undifferentiated. On the other hand, all the cell lines in Differentiation condition exhibited the broad distribution of the histogram for SSEA1 expression, revealing various responsiveness and sensitivity of the highly heterogeneous cells upon the serum inducement. This could also be attributed to the weak and/ or short-time period of treatment, but still enabled visual dynamics of the protein expression during the differentiation process. Additionally, while the H1 cells cultured in mTeSR and KSR/MEF conditions had low SSEA1 expression, some populations in StemPro and N2B27 conditions showed relatively high SSEA1 regardless of the fact that they simultaneously expressed high OCT4.
For systematic analysis, we further conducted Euclidean distance hierarchical clustering 29 based on the mean values of OCT4 and SSEA1 expression and generated the heat maps, which represented values of data in two-dimensional maps as colors (Fig. 3e,f , respectively. ESI Fig. S2) , to compare the distinct protein expression resulting from the various cell lines and CDM. Hierarchical clustering generates a hierarchy of sample groups represented by a dendrogram (a tree-like diagram). To determine the similarities of two groups, we used Euclidean distance calculated with the eqn (1),
if p and q are the two points (here, samples) in Euclidean n-space for finding nearest neighbors of sample groups. The heat maps generated based on Euclidean distance hierarchical clustering are commonly used for, for instance, microarray analysis to reduce data dimension, categorize samples, and show a multidimensional data set in 2-D maps in colors. In terms of the different media treatments for 4 days, according to the heat map, hPSCs cultured in StemPro and mTeSR expressed high OCT4 and low SSEA1 across all the cell lines. The heat map also showed a similar expression pattern across all the cell lines in the OCT4 level between hPSCs cultured in StemPro and mTeSR conditions. In contrast, hPSCs cultured in N2B27 condition rendered relatively lower OCT4 expression across the cell lines, exhibiting its tendency to direct differentiation during the culturing periods. Therefore, N2B27 condition was categorized as similar to the hPSCs cultured in Differentiation condition based on the clustering. In the case of SSEA1 expression, all cell lines cultured in Differentiation condition showed strong SSEA1 expression. Additionally, we observed that some populations of H1 and iPSB2 cells cultured in N2B27 condition also expressed relatively high SSEA1. In terms of cell lines within the same condition, each cell line responded differently and resulted in various phenotypes. The iPSB2 line especially appeared to have different OCT4 and SSEA1 expression compared to the other three lines. However, there seems to be no clear trend in cell lines concluded based on the level of pluripotent marker expression.
Finally, we evaluated the robustness of MIC to confirm the fidelity of our study (Fig. 3g,h ). Two microfluidic chips that cultured H1 cells in Stem Pro (Exp1 and Exp2) were randomly chosen and both OCT4 (Fig. 3g) and SSEA1 (Fig. 3h) expression were quantified. Between the two chips, there were no significant differences in OCT4 or SSEA1 fluorescence intensity value therefore we concluded that our microfluidic hPSC array in conjunction with MIC was precise and reproducible.
Conclusions
We developed a simple microfluidic platform to optimize ECM, screen CDM and establish the optimal chemically defined culture system for both human ESCs and iPSCs. By using this microfluidic platform, we were also able to study hPSC phenotypic response by comparing the effects of various CDM and hPSC lines. Although we cannot ignore the fact that PDMS may absorb molecules from solution due to their characteristics (e.g., highly porous and hydrophobic material) 30 and release them during culturing periods, according to the results, not only this microfluidic platform can effectively maintain pluripotency of hPSCs over a week in CDM with 20 ng mL À1 of bFGF but all the results were consistent and reproducible across the hPSC lines. Also, our concentration of bFGF was the original concentration [7] [8] [9] 16 found in other studies with the conventional macro-scale settings. Thus, we considered this PDMS effect was negligible. Additionally, we found that the condition with StemPro medium on the ECM of 20 mg mL À1 of Matrigel for culturing hPSCs generally provides high OCT4 and low SSEA1 expression across the cell lines including hiPSCs. In this work, we have demonstrated that a microfluidic hPSC array can achieve robust and reproducible hPSC cultures on a simple setting when combined with highly quantitative single-cell profiling methods. Furthermore, not only can this array be utilized for real-time live cell monitoring of hPSCs, but this platform can also perform small-scale screening with multi-parallel detection system, using a small amount of samples and reagents that are roughly 3 orders of magnitude less than the conventional 6 well plates. According to the results, we found that culturing in various CDM resulted in different phenotypes in each hPSC line including morphology, growth rate and pluripotent marker expression. We speculated that over culturing periods, heterogeneous cell populations within a single colony showed varied growth factor responsiveness and protein expressions by intricately interplaying with the microenvironmental factors at the single cell level. In general, the final phenotype in a single cell relies on the current state of the cell and the microenvironment that is composed of the extrinsic factors such as soluble factors in media and output signals of hPSCs. 11, 31 Here, by presenting the detail phenotypic analysis, we have also demonstrated the ability of our device to study the heterogeneity of hPSCs and the interaction of different hPSC lines with the microenvironment, which will have an overall effect in governing stem cell fate. With a carefully selected set of markers (e.g. pluripotency, apoptosis, differentiation and cell cycle), this tool can be applied to conduct more phenotype studies when combined with signaling cascades transduced by extrinsic factors using its multiplexity to determine the hPSC molecular signatures. Because of these unique features, we envision that this microfluidic platform will be beneficial to investigate stem cell biology in a wide range of biomedical settings and applications in regenerative medicine.
